The heteroduplex molecules formed by self-annealing of denatured, singly nicked simian virus 40 about 30% of the native length. The substituted sequences may be host cell nuclear DNA, possibly arising from integration of SV40 into the chromosome followed by excision of the SV40 DNA together with chromosomal DNA.
The heteroduplex molecules formed by self-annealing of denatured, singly nicked simian virus 40 (SV40) deoxyribonucleic acid (DNA) prepared from closed viral DNA were examined by formamide-protein film electron microscopy to test the DNA for sequence homogeneity. Sequence inhomogeneity appears in the heteroduplexes as single-strand loops. These result from sequence deletion or from sequence substitution, if regions greater than 50 nucleotides are involved. The undenatured DNA from viruses passaged twice at multiplicities of infection much less than 1 plaque-forming unit (PFU) per cell appeared to be homogeneous in size. The heteroduplexes formed by this DNA indicated that approximately 2% of the molecules carried deletions, but that substitutions were below the level of detection. In contrast, undenatured DNA from viruses grown by passaging undiluted lysates seven times or by infection with stock virus at a multiplicity of infection of 5 PFU per cell contained a large frequency of molecules shorter than the full length. The heteroduplex samples indicated that 12 and 7% of the undenatured material contained base substitutions, and 13 and 11% contained deletions. The deletions and substitutions appear to occur in separate molecules. Length measurements on heteroduplexes displaying the loop characteristic of substitutions have established that these molecules are from true sequence substitutions, and not from adjacent or overlapping deletions. More than 80% of the molecules carrying substitutions are shorter than the native SV40 length. On the average, the substituted sequence is about 20% of the length of SV40, but it replaces a sequence about 30% of the native length. The substituted sequences may be host cell nuclear DNA, possibly arising from integration of SV40 into the chromosome followed by excision of the SV40 DNA together with chromosomal DNA. Simian virus 40 (SV40) is a small deoxyribonucleic acid (DNA)-containing virus which has been used extensively for the study of virus-cell interactions and as a model system for viral oncogenesis in animal cells. Infection of permissive host cells results in viral replication and culminates in cell death and lysis, releasing the newly made virus. Infection of nonpermissive host cells results in the alteration of cellular morphology and growth characteristics, a process termed transformation. That the viral DNA persists in the transformed cell has been shown by the production of whole virus after fusion of virus-free transformed cells and permissive cells (5) (6) (7) , by the detection of viral DNA sequences in the transformed cell by nucleic acid hybridization (13, 15) , and by the detection of viral- specific ribonucleic acid in such cells (1, 9, 11) . Other experiments have suggested that the viral DNA persisting in the transformed cells is covalently linked with host cell nuclear DNA (15) .
In the lytic infection with polyoma virus, a DNA virus very similar to SV40, it has been shown that some linear host cell DNA is encapsidated into virus particles (10, 16) . These socalled "pseudovirions" have also been seen in SV40 infection of primary African green monkey kidney cells, but not with infection of BSC-1 cells, a permanent cell line derived from African green monkey cells (8) .
Aloni et al. (2) , investigating interactions between SV40 and the permissive BSC-1 cells, found hybridization between closed circular SV40 DNA and host cell nuclear DNA. They suggested that host cell DNA sequences might be 317 incorporated into SV40 viral DNA. Gelb, Kohne, and Martin (4) were unable to detect such hybridization using SV40 DNA from viruses grown by serial passage. However, the conditions used for passage were such that each infection was at low multiplicity (personal communication).
Yoshiike (17) has found that passage at high multiplicity produces noninfective particles containing closed circular DNA, heterogeneous in size and somewhat shorter than the DNA of infective particles. The foregoing results raise the possibility that host cell sequences are incorporated into DNA molecules heterogeneous in size.
To investigate this possibility, we have used electron microscopy to examine heteroduplex molecules artificially constructed from SV40 viral DNA recovered from viruses grown at low and high multiplicities. We (14) . BSC-1 monolayer cultures were infected at a multiplicity of infection of 10-plaque-forming units (PFU)/cell. After a full cytopathic effect (CPE) was observed, usually after 10 days, the viruses were harvested and purified as described below. The virus band in CsCl was collected, dialyzed, and titered. This virus was used to infect BSC-1 cells at a multiplicity of 10-2 PFU/cell, and, after a full CPE, the virus was purified and the DNA was extracted.
Growth and isolation of high multiplicity SV40 virus. Two independent stocks of high multiplicity virus were prepared. The undiluted lysate obtained with the low multiplicity virus (see above) was used to make the subsequent infection; this procedure was repeated six times to form high multiplicity stock (HM-A). In the other method, laboratory stock SV40 lysate was used to infect BSC-1 cells at a multiplicity of 5 PFU/cell, and the cells were harvested after 3 days (HM-B).
Purification of virus and preparation and purification of closed circular viral DNA. The infected cells were scraped from the plates and the entire suspension was frozen and thawed three times in plastic tubes. The suspension was homogenized with 10 strokes in a loose-fitting glass Dounce homogenizer. Sodium deoxycholate was added to a concentration of 1' , and the solution was incubated at room temperature for 10 min. Crude deoxyribonuclease I and ribonuclease A were added to concentrations of 0.4 and 1.0 mg ml, respectively, and the solution was incubated at room temperature for another 40 min. This mixture was centrifuged for 10 min at 10,000 rev/min in a Sorvall SS34 rotor, and 25-ml portions of the supernatant were layered over 15 ml of saturated KBr in Spinco SW27 cellulose nitrate tubes. These were centrifuged for 3 hr at 22,000 rev/min at 20 C. The opalescent virus bands, recovered by drop collection, were dialyzed against TD. The solution was madeto 10 mM MgCl2 and crude deoxyribonuclease I was added to a final concentration of 5 mg/ml. After incubation at 37 C for 30 min, ethylenediaminetetraacetic acid (EDTA) was added to a concentration of 50 mm, and CsCl was added to a density of 1.3 g/ml. The solution was centrifuged for 20 hr at 36,000 rev/min in an SW50 rotor at 20 C. The virus band was recovered by drop collection. In some cases, the CsCl banding of the virus was repeated after another deoxyribonuclease treatment. After dialysis to remove CsCl, sodium dodecyl sulfate (SDS) was added to the virus suspension to a concentration of 1% and the solution was incubated at 37 C for 10 min. The solution was chilled to 0 C and CsCl was added to a concentration of 1 M. The mixture was maintained at 0 C for 10 min and then centrifuged for 10 min at 10,000 rev/min in an SS34 rotor at 4 C. The supernatant fluid was adjusted to contain 300 ug of ethidium bromide (EthBr) or propidium diiodide per ml, and CsCI was added to a density of 1.55 g/ml. The solution was centrifuged at 38,000 rev/min for 24 hr in an SW50 rotor at 20 C. The lower fluorescent band, which contains the closed circular DNA, was recovered by drop collection (12) .
Preparation of singly nicked viral DNA. Three methods were employed. (i) Deoxyribonuclease: the nicking activity of a solution of deoxyribonuclease I with SV40 DNA as a substrate was assayed by analytical band velocity centrifugation through alkaline CsCl. Conditions were chosen such that 30' ;) of the form I DNA was converted to form II. After nicking, the DNA was banded in CsCI-EthBr, and the two components were separated by drop collection. (ii) X-irradiation: the DNA in 1 M CsCl, 1 mm EDTA, 2 mm histidine, 10 mm Tris (pH 8) was subjected to X rays (100 r/min) for 20 min. The form 11 DNA was separated from form I as above. (iii) Visible lightethidium bromide: the DNA in 1 M CsCl, 1 mM EDTA, 10 mm Tris (pH 8), 70 ,ug of EthBr per ml was placed 8 cm from the lens of a slide projector containing a 500-w bulb and illuminated for 7 to 10 min. This converted 25%c of the form I to form II. The components were separated as above and the process was repeated on the form I two times.
Formation of the heteroduplexes for electron microscopy. Approximately 0.2 ,g of singly nicked SV40 DNA was denatured in 0.3 M NaOH for 10 min, neutralized with 2 M Tris-hydrochloride, and diluted to a total volume of 0.2 ml with 99%c formamide. This sample was dialyzed for 2 hr against 50 ml of 99%c formamide at room temperature. Unrenatured control samples were prepared by mixing 25 ,uliters of the above dialyzed solution with an equal volume of 0.2 M Tris, 0.02 M EDTA (pH 8.5) immediately prior to the spreading for preparation of the specimen grids. Heteroduplexes were formed by incubating a similar mixture for 5 hr at 25 C just prior to specimen grid preparation.
Electron microscopy. Both the aqueous and the formamide procedures for preparing samples for electron microscope examination have been described (3 (17), length distributions of the DNA extracted from viruses grown at low multiplicity of infection (LM DNA) and at high multiplicity of infection (HM-A DNA) were determined (Fig. 1) Classification ef the heteroduplexes. SV40 DNA, renatured so that about 35% of the DNA was in duplex form, was mounted for electron microscopy by the formamide technique and examined at a magnification of 60,000. The procedure allows both single-and doublestranded DNA to be visualized and distinguished. Both appear filamentous, but the single-stranded DNA is more irregular and thinner than duplex DNA and has been described as "knobby," "lumpy," and "kinky." In addition, its contrast is usually somewhat less than that of duplex DNA. The differences are readily seen at the electron microscope, where magnification and focus can be manipulated.
All molecules seen while systematically scanning a grid were classified into one of seven categories. The types of molecules placed into each category are diagrammed in Fig. 2 and some photographs of typical molecules are shown in Fig. 3 . The majority of the DNA strands were undegraded. Forty per cent of the single strands were circular. The categories were: (a) linear single-stranded DNA; (b) circular single-stranded DNA; (c) heteroduplexes without single-stranded loops; (d) heteroduplexes with one or two deletion loops, a loop of single-strand DNA tangent at one point to a duplex region; (e) one or two substitution heteroduplexes with loops, regions where two single strands replace the duplex structure along a portion of its length; (f) heteroduplexes containing a forked structure at which the duplex separates into separate single-strandsthese could arise from a single-strand scission in a substitution loop or in a deletion loop; (g) heteroduplexes containing both single-and double-stranded regions, which are knotted, tangled, or so complex as to make assignment impossible. These occur in both LM and HM DNA samples, which vary widely in their sequence heterogeneity.
The data might be significantly influenced by the failure of all the DNA to denature before renaturation was allowed to occur. In some cases, specimen grids were prepared with the material obtained just prior to the last incubation step as described earlier. If the loop were due to a substitution, one strand of the heteroduplex would be of the native length. Therefore, the sum of the duplex part of the molecule and one of the single-stranded segments should equal that length. However, if the heteroduplex is formed by renaturation of two strands, each containing a deletion, the sum of the duplex and either of the single-stranded segments must be shorter than the native length. Also for overlapping deletions, the sum of the duplex and both single-stranded segments can never exceed the native length, and the sum becomes smaller as the size of the deletion-overlap becomes larger. The comparable sum for a substitution will always be longer than the native length.
To compute these sums, the lengths of singlestranded circles, duplex circles, and circles containing substitution loops on a single grid prepared from HM-A DNA were measured. Similar measurements were made of the single-stranded and the duplex circles in the LM DNA sample for comparison.
It would be expected that the complete duplex circles seen in the HM-A DNA would arise from the renaturation of two full-length native strands. That this is the case can be seen from the fact that the mean of the length distribution of these molecules (Fig. 4a) is very close to the mean of the distribution of lengths of complete duplex circles from the LM DNA. The small difference may be due to the fact that these measurements were necessarily made on grids from two separate spreading operations.
The distribution of lengths of single-strand (Fig. 4a) peaks at a slightly smaller length, due to a smaller length per unit mass, and tails off to the short side. The tailing is due to the defectiveness of the sample (see Fig. lb ) and was not observed in the single-stranded preparation of LM DNA. The mean length of molecules greater than 25 cm was taken as the mean singlestranded length. (It compares well with the mean of lengths of the single-stranded circles for the LM DNA, 29.4 cm.) Single-stranded DNA lengths were multiplied by the ratio 32 '28 to reduce the data to units of length per genome.
On a single specimen grid, the lengths of the duplex part and each single-stranded part of 58 heteroduplexes containing substitution loops were measured. The distribution for the sum of lengths of the duplex part and larger single-stranded part (Fig, 4c,) is similar to that of the lengths of duplex circles (Fig. 4a) . The means of the distributions were within one standard deviation. When the lengths of both single strands are added to the duplex length, the distribution is wide (Fig, 4c2) and the lengths in the entire distribution are substantially longer than the mean value for the duplex lengths. This argues strongly that the loops are indicative of substitutions and not of overlapping deletions in the heteroduplexes.
Sequence lengths involved in the substitution process. Since the mean length of the longer strand in the heteroduplexes containing substitutions is the native length, we consider it to be native sequence, and the shorter strand to be the one containing the substituted sequence. The longer single-stranded segment length represents the size of the SV40 sequence removed from the substituted molecule prior to insertion of the new nonhomologous sequence. The shorter singlestranded segment length represents the length of the inserted sequence. The length distribution of the molecules containing substitutions is shown in Fig. 4c3 . Here, the length of the duplex segment of the heteroduplex has been added to the length of the shorter single-stranded segment. The mean length of the substituted molecule is 11 e shorter than native SV40.
The deleted sequence ranges from 10 to 60%o of the SV40 length, with a mean of 31 (c (Fig. 5a) . The inserted sequence ranges from 5 to 50%I of the SV40 length, with a mean of 20 , added (Fig. 5b) . The distribution of the difference in lengths between the two single-stranded segments of each heteroduplex (Fig. Sc) Rel. Length A substitution might be generated intramolecularly by a reciprocal recombination event involving two presumably homologous sites in the molecule. Depending upon which pairs of strands were rejoined, the sequence between the sites would either be deleted, or would be inverted. Such an inversion would give rise to an apparent substitution in a heteroduplex. This explanation seems unacceptable, since the molecules with substitutions are found to be somewhat shorter than the native molecules and because the size of the substitutions varies, making multiple recombination sites necessary.
Two recombination events could delete a sequence from one SV40 molecule and replace it with a sequence from another SV40 molecule. If the two sequences bounded by the recombination sites were different, a substitution would result. The lengths of the sequences need not be identical.
Host cell DNA might be incorporated into SV40 DNA by a mechanism similar to production of lambda-transducing phage. During the lytic infection, SV40 viral DNA would become integrated at one or more sites into host cell DNA, as has been suggested for the transformation process. Subsequent excision would occur by recombination at a site within the viral DNA and a site somewhere on the cellular DNA. A molecule which has lost an SV40 sequence and gained a cellular DNA sequence results. The loss and gain need not be of the same size.
If integration of SV40 DNA into host cell chromosomes does exist and occurs at a common site on all SV40 DNA molecules, such a model predicts that the substitutions will all share a common end point. Because SV40 DNA is circular, the position of the deletions or substitutions in the genome cannot be determined in the absence of a marker. We do not know if the simple deletions that were seen are produced by a mechanism involving interaction with host cell DNA. Heteroduplexes have been observed which contain two non-overlapping deletion loops. If these heteroduplexes were formed from strands each containing a deletion, then at least two deletion sites are involved. We cannot rule out the possibility that these heteroduplexes are composed of one native strand and one strand containing both an inserted sequence and a deletion.
Lavi and Winocour (manuscript submitted for publication) have demonstrated that hybridization of SV40 viral DNA to BSC-1 host cell DNA is dependent on the conditions of infection. When non-plaque-purified virus was used at very low multiplicity of infection values, virtually no hybridization was observed. This was also the case when plaque-purified virus was used at a variety of multiplicity of infection values. Infection of non-plaque-purified virus at high multiplicity of infection led to viral DNA which hybridized significantly with host cell DNA. Plaque-purified virus grown by serial undiluted passage resulted in viral DNA which hybridized to a greater extent with each passage. These results suggest that the substituted sequences we have detected are host cell DNA.
If we take the frequency of molecules containing substitution to be 12% for HM-A DNA and the average substituted sequence to be 0.2 genomes, then substituted sequences comprise 2.4% of the DNA. It should be noted that our numbers are minimal estimates; molecules which had long substitutions would not have renatured to form heteroduplexes as fast as those with smaller substitutions. Large substitutions would also have been more susceptible to nicking, which would place them into the forked category. The rare heteroduplexes which appeared to have only a very short duplex region were not included in the molecules measured.
A quantitative comparison between the result obtained here for the proportion of substituted sequences, 2.4%, and the results of Lavi and Winocour is not possible because the proportion of chromosomal DNA is not directly calculable from their hybridization data.
Passaging the laboratory stock virus twice at low multiplicity effectively removed substituted molecules and substantially reduced the number of molecules containing deletions. This suggests that the substitutions, as well as the deletions, remove genes essential for a productive lytic infection. When the multiplicity of infection is low, any such defective molecules entering a cell are lost. The small number of deletions seen in the LM DNA may be due to deletions in nonessential regions of the genome or may represent the rate of production of deletions in the infection process.
The exact role of the high multiplicity of infection in the production of substitutions and deletions is not yet established. Certainly, infection at high multiplicity with a stock of virus containing such molecules would allow them to replicate. Shorter molecules may even be selected, if their replication time is shorter or if their encapsidation is more easily accomplished than full-length molecules. The rate of production of substituted and deleted molecules may be constant with each infection, and independent of the multiplicity of infection. Alternatively, the rate may be a function of the multiplicity. A threshold multiplicity is perhaps needed for the substitution process to occur at all.
The suggestion from this study that cellular DNA is integrated into the viral genome during the lytic cycle makes it tempting to suggest that there may be fewer differences between the lytic and transformational events induced by SV40 than once thought. Our studies point out the desirability of examining SV40 stocks for substitutions when studying virus-cell interactions and viral transformations of cells.
